Previous studies demonstrated that in the transformed CHO (Chinese hamster ovary) cell a substantial part of the genome behaves as though its genes are sequestered from effective contact with soluble constituents of the intracellular fluid. The reverse transformation reaction, initiated by cAMP derivatives, causes this cell to regain the morphology, growth regulation, surface characteristics, and sensitivity of its DNA to digestion by DNase I that are characteristic of normal fibroblasts. In this paper we show that this action of cAMP is gene specific. In examination of 47 different genetic loci, some, like ribosomal RNA genes, are found to be sensitive to DNase I hydrolysis both in the absence and in the presence of cAMP; some are resistant under both conditions; and some are resistant in the untreated cell but become sensitive after cAMP treatment. Unlike other gene exposure reactions, which are irreversible and connected with differentiation phenomena, that produced by cAMP is readily reversed when the reagent is removed. A sequence of events is observed after cAMP treatment, the first of which is reorganization of the cytoskeleton. Afterwards, metabolic changes occur over periods as long as 72 hr. The cAMP-induced cytoskeleton-mediated gene exposure reaction appears to be an important genetic regulatory mechanism in mammalian cells and to have special implications for cancer.
In previous papers we demonstrated that adenosine 3',5'-(cyclic)monophosphate (cAMP) causes certain malignant cells to lose a wide range of their cancerous characteristics, reverting to normal fibroblastic morphology, cell surface features, cytoskeletal organization, growth characteristics, and DNA hypersensitivity to nuclease action (1) (2) (3) (4) (5) (6) (7) (8) . Spontaneously transformed CHO-K1 and src gene-transformed vole fibroblasts exhibited similar patterns of such changes, and we have given the name reverse transformation to this set of changes. Agents such as Colcemid and cytochalasin B that disorganize cytoskeletal elements prevent the increase in gene sensitivity to hydrolysis (gene exposure) as well as other effects associated with reverse transformation and growth regulation (2, 8, 9 ).
Other workers have demonstrated that actively transcribed chromatin is more sensitive than bulk chromatin to nuclease digestion (10) (11) (12) (13) (14) . We interpreted our data as due to a reorganization ofthe cytoskeleton caused by cAMP, which in turn results in an alteration of the chromatin structure of the transformed cell so that sequestered DNA becomes exposed and rendered sensitive to chemical action of nucleases, and presumably other agents. The question arises: Does the large degree of DNA sequestration in the transformed CHO cell as contrasted with normal fibroblasts arise from a gross and unspecific change in state of all or most of the DNA, or are different genetic loci affected in specific fashion? In the latter case the gene exposure reaction of cAMP would appear to be of importance in differential gene regulation in mammalian cells. This paper presents studies demonstrating the gene specificity and other features of the cAMP action.
MATERIALS AND METHODS
Cell Lines and Their Propagation. The principal cell employed is CHO-K1, the K1 variant of the Chinese hamster ovary cell (CHO) isolated in this laboratory in 1958 (15) . Other cells used are described in Table 3 . Cells were grown in F12 medium supplemented with 10o fetal calf serum in suspension or on tissue culture plates. CHO-K1 cells were also grown on tissue culture plates in serum-free MCDB 302 medium to which insulin and transferrin were added (16) . N6,02'-Dibutyryl-cAMP (Bt2cAMP) and 8-bromo-cAMP (BrcAMP) and the restriction enzyme EcoRI were obtained from Boehringer Mannheim, and novobiocin and DNase I (D4263) were from Sigma. DNase units are as defined by the supplier.
Cell Harvesting and Isolation of Nuclei. Cells were scraped from tissue culture plates into 1.5 mM KH2PO4/8.1 mM Na2HPO4/0.7 mM CaCl2/0.5 mM MgCl2/2.7 mM KCI/137.0 mM NaCl, or centrifuged from suspension medium. Nuclei were isolated by swelling the cells in hypotonic buffer (10 mM Tris HCI, pH 7.4/10 mM NaCl/3 mM MgCI2/1 mM CaCI2).
Cytoplasmic components were stripped by adding Nonidet P-40 to a final concentration of 0.5%. After one wash, the nuclei were resuspended in the hypotonic buffer. Either Bt2cAMP or BrcAMP, which behaved similarly, was added to cultures for the times indicated at 0.5-1.0 mM.
DNase-I Digestion. Nuclear suspensions were adjusted to a DNA concentration equivalent to 0.5-0.8 mg/ml. DNase I was added to 2.5-10 units/ml and the nuclei were incubated at 37°C for 2-10 min as indicated. All enzyme reactions in this study were stopped by adding an equal volume of "stop" buffer (1% NaDodSO4/0.5 M NaCI/40 mM EDTA/400 ,g of proteinase K per ml) and incubating for at least 2 hr at 37°C.
Salt Extraction of Chromatin. For 0.4 M NaCI extraction, nuclei were washed twice with 75 mM NaCl/2 mM EDTA/10 mM Tris HCl, pH 7.4, and pelleted by centrifugation for 2 min at 4°C in a microcentrifuge. The pellet was suspended in 3 mM MgCl2/10 mM NaCl/10 mM Tris-HCl, pH 7.4, and an equal volume of 0.8 M NaCl/25 mM KCl/10 mM Tris HCl, pH 7.4 was added. Solutions were mixed, incubated on ice for 10 min, and centrifuged in a microcentrifuge for 5 min at 4°C. Pellets were extracted a second time with 0.4 M NaCl/25 mM KCI/10 mM Tris HCI, pH 7.4, then washed three times with
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Fig. 1 illustrates the gene exposure reaction at two different time intervals. Our original interpretation (1) attributing a key role in the reverse transformation reaction to the cytoskeleton demands that restoration of cytoskeletal integrity precede the metabolic effects of the cAMP-induced reaction. Photographs illustrating the times of principal morphological changes are shown in Fig. 2 , and further data are in Table 1 . The first two stages ofTable 1, which involve changes in both microtubular and microfibrillar patterns (20, 21) , precede the institution of the gene exposure reaction.
Reversibility of Effect of cAMP on CHO-K1 Chromatin. When Bt2cAMP was removed from cultures of CHO-K1 cells that had undergone reverse transformation (RT-CHO-K1 cells) and the cells were grown for a further 20 hr in the absence of added Bt2cAMP, cell morphology as well as DNase-I sensitivity of nuclei reverted to those characteristic of the transformed CHO-K1 cells. Thus, the morphology and nuclease sensitivity changes that occur during reverse transformation require the continued presence of Bt2cAMP. This finding contrasts with the findings of other studies, in which nuclease sensitivity of specific regions of chromatin, once induced, remains in a heritable state indefinitely, regardless of whether or not those regions of chromatin are transcribed (13, 22) .
Effect on Specific Genetic Loci. Experiments were carried out with various DNA probes, as indicated. Forty-seven different loci were tested. A resistant locus, R, is defined as one whose band on the Southern blot fails to become appreciably diminished in intensity after exposure of the suspension of nuclei to DNase I at 2-10 units/ml for 10 mim at 37°C. A sensitive locus, S, is one whose band virtually disappears as a result of treatment of the nuclei with the enzyme at 2 units/ml for 3 min at 37°C. A + indicates an increase in digestibility conferred by cell incubation in the presence of Bt2cAMP. Genes marked "unknown" were randomly cloned from a CHO cDNA library. digestibility of nuclei isolated from these cells. However, novobiocin did not abolish the preferential DNase-I sensitivity to RT-CHO-K1 chromatin. These findings provide evidence that the cAMP-induced increase in DNase-I sensitivity of CHO-K1 nuclei does not involve major changes in the superhelical tension of CHO-K1 chromatin. Further, partial digestion of nuclei with nucleases other than DNase I before DNase-I digestion has also been reported to abolish the preferential sensitivity of actively transcribed chromatin to nuclease digestion (25) . However, mild digestion of nuclei with micrococcal nuclease prior to DNase-I digestion did not abolish the increased DNase-I digestibility of RT-CHO-K1 nuclei relative to transformed CHO-K1 nuclei.
(ii) Effect on other transformed cells. Not all transformed cells exhibit the gene exposure reaction and the morphological changes characteristic of the reverse transformation reaction ( Table 3 ). The CHB cell, a transformed cell orig- inally isolated from Chinese hamster brain, is an immortal cell and grows equally well in suspension or on surfaces in standard growth medium. Treatment with appropriate concentrations of cAMP derivatives ends growth in agar suspension without materially affecting growth on plates. The morphology of these cells grown on surfaces and treated with cAMP undergoes drastic changes like those described earlier for particular hybrids between CHO-K1 and cells taken from human brain (26) . The cells extend long, neurite-like processes similar to those of neurons. Isolated nuclei of such cells treated with DNase I reveal substantial increase in DNA hydrolysis comparable to that observed with CHO-K1. Other cancer cells, as shown in Table 3 , display a different pattern in which virtually no change in cell morphology or in DNA digestibility in isolated nuclei is observed.
(iii) Gene exposure in CHO cells grown in suspension. The question arises whether the cell stretching reaction displayed by surface-attached CHO cells treated with cAMP is intrinsically necessary for the gene exposure reaction. Cell stretching appears to be a function of the cytoskeletal reorganization, and both it and the increase in gene exposure are prevented by cytoskeletal disorganizers such as Colcemid and cytochalasin B (8) . CHO cells grown in suspension assume a spheroidal shape. Treatment of such a suspension culture with 0.5 mM Bt2cAMP inhibits growth of the cells, although surface-attached cells are not growth inhibited appreciably by this treatment. Suspension-grown cells treated with Bt2cAMP demonstrated an increase in the gene exposure reaction comparable to that of the surface-attached cells. Since we have earlier demonstrated that either Colcemid or cytochalasin B prevents the gene exposure reaction, it may be concluded that an intact cytoskeletal structure is necessary for the gene exposure reaction but it need not be only the specific structure exhibited by stretched, surfaceattached CHO-K1 cells when treated with cAMP.
(iv) Gene exposure in a defined medium. In all of the experiments carried out until now serum was a component of the growth medium employed. Serum contains many unknown and variable constituents, some of which synergize and some of which antagonize cAMP actions. Therefore, a defined medium was tested consisting of MCDB 302 (27) to which insulin was added at 1.0 ,tg/ml and transferrin at 10.0 tug/ml. The CHO-K1 cells grown in this medium exhibited a gene exposure reaction similar to that obtained in serumcontaining media.
(v) Effect of 0.4 M NaCl extraction on the DNase-I digestibility ofCHO-KJ chromatin. The increased sensitivity of CHO-K1 chromatin to DNase-I digestion associated with reverse transformation was not abolished by extraction of chromatin with 0.4 M NaCl under conditions that remove high-and low-mobility group nonhistone proteins from chromatin (28) . The high mobility group nonhistones HMG 14 and HMG 17 have been reported to confer enhanced nuclease sensitivity on chromatin in some systems (29) , although others failed to find a correlation between these proteins and transcription (30) .
DISCUSSION
Our data reveal that the genome exposure reaction mediated by cAMP in CHO-K1 cells is locus specific, and therefore it is presumably involved in specific gene regulatory actions. Thus, in 47 different genetic loci examined, it was demonstrated that some genes are always exposed regardless of the presence or absence of cAMP derivatives, some are always sequestered, and some are converted from the sequestered to the exposed state by Bt2cAMP or BrcAMP. The cytoskeleton involvement in this regulatory action was demonstrated previously (8) and is supported by the current experiments showing that the cytoskeletal changes precede the metabolic Genetics: Ashall et al.
Proc. Natl. Acad. Sci. USA 85 (1988) effects resulting from cAMP. The restoration of growth regulation in CHO cells as a result of cAMP action, the well-known fact that many transformed cells have obviously abnormal cytoskeletal structures, the demonstration elsewhere that gene mutation in cytoskeletal proteins is accompanied by transformation to the malignant state (19) , and our demonstration that cytoskeletal integrity is required for passage from the Go to the cell-multiplying state (9) attest to the intimate role played by the cytoskeleton in growth control of mammalian cells. Since the growth control pathway undoubtedly involves a series of metabolic steps, it is probable that growth regulation can also be suppressed by metabolic blocks at points not involving the cytoskeleton.
The large amount of gene sequestration displayed by the untreated CHO cell as contrasted with the normal fibroblast suggests that the abnormal cytoskeletal structure of the transformed CHO-K1 cell is associated with a sequestration reaction that may involve both growth control and differentiation genes. It will be of particular interest to map these abnormally sequestered genes that are exposed by cAMP to determine whether they display any simple linkage patterns. The present data demonstrate that details of the cytoskeletal structure are of great importance, since both suspensiongrown CHO cells and their highly stretched surface-attached counterparts reveal similar gross effects on gene exposure resulting from cAMP. Comparison of the detailed gene involvements in each case is necessary.
The high reversibility of the cAMP-induced gene exposure described here contrasts strongly with the irreversible exposure reactions described by other workers (10) (11) (12) (13) and may reflect the difference between relatively irreversible changes in differentiation state involved in the latter as opposed to reversible modulation induced by cAMP in the CHO cell. b'Malley and coworkers (14) have described still other reversible changes in a gene exposure reaction.
Chromatin extraction under conditions more stringent than those of0.4 M NaCl (as described here) should make possible identification of specific proteins involved in the gene exposure reaction. We presume the following sequence of events to occur in cells such as CHO-K1 or the src-transformed vole cell (6) cells as is the case with cAMP in CHO-K1 and in the src-transformed vole cell may offer an approach to treatment of malignancy. Some encouraging results along these lines have been reported (33) . Sachs has demonstrated that certain cancer cells induced to traverse a normal developmental pathway may eventually reach a terminal state of nonmultiplication, so that their malignancy is irreversibly suppressed (34) . Establishment ofthe detailed metabolic pathway leading to growth control in different cell types should identify reagents producing reverse transformation in various types of cancer.
